With the ever-increasing demand for mobile traffic, it is important that telecom networks are modernized with all the capacity, quality and coverage extension technologies available. Due to the pressures of population and modern technology, the biophysical environment is being degraded, sometimes permanently. Energy efficiency and low carbon strategies have recently attracted a lot of concern. Solutions that help reduce greenhouse gases and make a less harmful environmental impact are required. Heterogeneous Networks (HetNets), comprising a mix of lower-power nodes (like Femtocells) and higher power Macro base-stations, provide the means to enhance quality and coverage and offer scalable networks towards 1,000 fold gains in capacity as per 5G technology vision. Femtocells increase the capacity of the Macro-only networks by moving high-data rate users to low-power Femto alternatives and are likely to proliferate in next-generation wireless systems. High-density Femtocell deployments are seen as future low-cost solution to significantly gain capacity compared to conventional deployments. However, in such deployments, the problem of interference appears between the Macrocells and Femtocells as well as among the Femtocells themselves. Expensive insights into Macro-Femto interference are researched and available, while Femto-Femto interference is only partially addressed. This research work Journal of Green Engineering, Vol. 6, 99-144. doi: 10.13052/jge1904-4720.615 c 2016 100 M. Al-Haddad and M. A. Bayoumi outlines this problem and points to possible solutions to mitigate FemtoFemto interference, increase network capacity, decrease power consumption and likewise reduce the CO 2 footprint.
Introduction
The strong demand for mobile data is obvious and will continue to grow exponentially in the next decade. The associated significant impact on global warming and greenhouse gas emissions has been also observed. Existing telecommunication radio technology like the Long-Term Evolution (LTE) network is reaching the limits of available spectrum and network capacity for mobile data applications (Shannon's law). The lack of radio spectrum due to more and more requests for bandwidth by end users in order to achieve high transmission rates and high levels of Quality of Service (QoS) is a major unsolved issue. More than 50% of all voice calls and 70% of data traffic originates indoors [1] , where, for indoor users, propagation and penetration losses make high signal quality and data rates very challenging to realise.
Cisco Visual Networking Index (VNI) Global Mobile Data Traffic Forecast shows major global mobile data traffic projections and growth trends [2] . Overall mobile data traffic is expected to grow to nearly a 10-fold increase by 2019 over 2014. Mobile data traffic will grow at a CAGR of 57 percent from 2014 to 2019 ( Figure 1 ). Nokia Networks Technology Vision 2020 for future mobile networks supports up to 1,000 times more capacity [3] . Projections, using a figure of 75 percent average year-on-year global growth, show that by 2020 traffic will increase to 1,000 times more than 2010 levels. It is clear that networks need to be prepared to handle this level of growth in order to fully monetize mobile broadband demand. The only viable way of reaching "the 1000×" paradigm is to make cells smaller, denser and smarter. As a result, dense deployments of small cells are crucial in addressing the 1000× challenge. According to SMALL CELL FORUM, which drives the wide-scale adoption of small cells and accelerate the delivery of integrated HetNets, a distribution of 85% small cells and 15% macro is expected by 2020.
Therefore, it is time for new techniques to overcome the current capacity and link budget limitations while at the same time minding the impact on the environment. Current candidate technologies are 5G and LTE next advanced generation where heterogeneous networks with dense Femtocell grids are identified as potential areas for capacity extensions and improvements.
Mobile networks, and especially their radio access parts (frontend), are by far the dominant and most concerning drain on energy in the entire network [4] and thus an enormous introduction of global CO 2 emissions. The findings of researchers from the University of Melbourne's partner Centre for Energy Efficient Telecommunications, and Bell Labs, show that the Information and Communications Technology (ICT) industry is guilty of producing more than 830 million tons of carbon dioxide (CO 2 ) annually, which is about 2 per cent of global CO 2 emissions, and is expected to double by 2020 [5] .
As exposed in Figure 2 , the energy calculations show up to 90% of this consumption is attributable to mobile and access networks (data centres account for only 9%).
Femtocell deployments are seen as good cost-efficient solutions for providing higher capacity and coverage for indoor network environments, in addition to required capacity increase and high data rates or qualified coverage guarantee in hard-to-cover areas. They plug the coverage holes (a.k.a. dead zones) and ideally complement Macro networks with the transmitter closer to user. System efficiency is then much higher with a guarantee of sufficient high bandwidth and mobile coverage, where Macro fails. Typical application areas of dense Femtocell deployments are dense urban residential regions, mall/enterprise places, stadiums/venues, downtown, business regions, etc.
Femtocells or Home NodeBs have been a hot topic for quite some time since they offer the end-user better signal quality, more reliable communications and higher throughputs, as well as power and battery savings due to the reduced distance between the transmitter and the receiver [6] . Femtocells will also help to manage the exponential growth of the traffic, thanks to the handover of the indoor traffic to the backhaul.
In the overlaid Macrocell coverage area Femtocell-to-Macrocell, Femtocell-to-Femtocell and Macrocell-to-Femtocell interferences may occur. The frequency of these interferences increases as the density of Femtocells is increased. In a dense Femtocell network deployment, thousands of Femtocells can be deployed within a small coverage area and thus the system must be able to manage efficiently [7] . Of course, dense and unplanned deployments may result in harmful co-channel interference. Therefore, Femto coverage should be limited to the intended deployment area only. Spill-over into the Macro or neighbouring Femto coverage areas will cause interference in these domains and without proper interference management, significant power is likely to be wasted in order to maintain acceptable user performance and QoS.
Higher Femtocell transmit power can provide wider coverage and better own service quality but it may also cause tremendous interference to other surrounding Femtocells and users of the adjacent Macro and Femtocells. Proper setting of the Femtocell transmit power level will help manage the interand intra-interference, while maintaining good Femtocell performance and increasing the network capacity. In order to successfully react to the changes of the traffic and channel, and minimize interference in femtocell deployments, the use of sophisticated self-organization techniques is needed. Selforganization will allow femtocells to integrate themselves into the network of the operator, learn about their environment (neighbouring cells, interference) and tune their parameters (like power and frequency) accordingly.
In this work we focus on the Femto interference aspects especially in massive deployments. In the light of most known facts about Femtocell technology, the major goal of this work is to outline the Femto-to-Femto interference problem, which is as yet only partially addressed, and provide comprehensive, self-organising and environmentally friendly power control frameworks with special focus on dense Femtocell deployments.
The remainder of the paper is organized as follows. In Section 2 we briefly discuss the challenges of Femtocell deployments. In Section 3 we discuss the interference management techniques for downlink & uplink power control and their current related work. In Section 4 we explain intra-interference management (between Femtocells). In Section 5 we present our proposed green power control frameworks, and their achieved performance and green impact are evaluated and discussed in Sections 6 and 7. Finally, conclusive remarks can be found in Section 8.
Challenges of Femtocell Deployments
A noteworthy amount of studies conclude that Femtocell technology is one of the most promising enablers of energy efficiency. The study in [8] indicates that, compared to a standard Macrocell deployment, Femtocell deployments may significantly reduce the energy consumption of both the access network and the mobile terminals from four to eight orders of magnitude.
In Heterogeneous Networks, Femtocells are deployed with Macrocells in an overlay, overlapping or disjointed area in cellular networks. With such hybrid-dense networks, the problem of interference comes between the Macro and small cells as well as among the small cells themselves. The interference between Macrocell and Femtocell, i.e., inter-tier interference, arises from the fact that Femtocells may utilize the spectrum already allocated to the Macrocell or other Femtocells. Without proper interference management, significant power is likely to be wasted in order to maintain acceptable user performance. Some other challenges to be considered with Femto technology are:
• Tx Power Management: each Femtocell needs to adapt its transmit power as other cells topology changes [9] .
• Location Uncertainty: the location of the Femtocell is random and unpredictable, and as the owner likes [10] . an important requirement for market penetration. All in all, introducing Femtocells should not significantly degrade the performance of other or prior deployed networks; therefore all the above challenges should be considered and solved. The main challenges of Femtocell technology are the coordination between Macrocells and ad-hoc Femtocells, interference mitigation with Macrocells and power-aware and green Femtocell deployment. Our research work tries to solve these challenges and focuses especially on dense deployments where these issues are currently present.
Preliminaries and Interference Management Techniques
It is crucial to mitigate the interference which arises when Femtocells are deployed in Macrocell networks and ensure that the spectral efficiency is better than that of the Macrocell-only networks. In [6] , it is shown that the throughput can be dramatically improved after introducing Femtocells to support the overloaded Macrocells but with proper interference mitigation techniques.
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Figure 3 Typical interference in two-tier Macro-Femto network deployment. Figure 3 shows some typical interference types in two-tier Macro-Femto networks. As the mass of deployed Femtocells increases, the rate of these interferences increases too.
Typical types of interference are:
• Downlink (DL) interference from the Femtocell to nearby Macro & Femto UE (MUE & FUE). A MUE far from its Macrocell will be affected the most.
• DL interference from nearby Macrocell to Femto UE (it can lower the SINR of FUE).
• DL interference among nearby Femtocell networks.
• Uplink (UL) interference from nearby MUE to Femtocell.
• UL interference from FUE to nearby Macrocell. Many active FUEs can cause severe interference to the Macrocell.
• UL interference among nearby Femtocell networks.
• UL interference from nearby FUE to neighbouring UEs of another Macrocell cluster; higher probability in dense deployments.
Several interference management techniques for heterogeneous cellular networks are possible: In our work we mainly focus on the power control approach to mitigate different interference types with special preoccupation on carbon reduction and impact of environment. There are downlink and uplink power control techniques for interference mitigation and power setting tuning. In this section we try to summarize the most recent and important PC-related solutions and their related work.
Uplink Power Control
The uplink power control for LTE networks is defined according to current 3GPP standards and is composed of open and closed loop components which are referred to as OLPC and CLPC respectively. The transmit power setting of Physical Uplink Shared Channel (PUSCH) as in 3GPP is defined as follows (dB scale) [19] :
Where P max is the maximum allowed UE transmit power, M is the number of Physical Resource Blocks (PRB) scheduled for the given user in a time slot (bandwidth of the PUSCH resource assignment), P 0 [dBm] is target mean received power (user or cell specific), α is pathloss compensation factor (cell specific), PL [dB] is the downlink pathloss measured by the UE,
is a parameter that depends on the used Modulation and Coding Schema (user specific), and f(i) [dB] is a user specific CLPC correction parameter. In this case the cell specific parameters of the OLPC are considered (P 0 , α) as they have the main impact on the inter-cell interference.
If this basic power control method is applied in the uplink, a too strong signal transmitted from the outdoor Femtocell UE can possibly cause interference to nearby Macrocell(s). In order to deal with this problem, the method has to be extended and factors like PL between Femto UE and its nearest neighbour Macrocell need to be considered for additional actions.
Most known methods developed for uplink power control are:
Power Cap Based PC: the maximum transmission power density (i.e., power cap) of the Femtocell UE (FUE) is restricted in order to avoid heavy interference to macro eNB(s) [20] .
PL difference based PC: with knowledge of the difference between the PL from the Femto UE to its serving Home eNB and its nearest neighbour Macrocell, the Femtocell calculates the power offset as a non-decreasing function of the PL difference [20] .
Adaptive target mean received power (adaptive P 0 ): P 0 IS DEFINED in a way to reflect the distribution of interference levels within Macrocell, e.g., as a function of pathloss towards closest Macro eNB [21] .
Link budget Analysis: the radio link quality for a cellular user is determined, given a set of N transmitting Femtocells with different SINR targets.Achieving higher SINR targets in one tier fundamentally constricts the highest SINRs obtainable in the other tier [22] . All the above mentioned approaches show a strong protection of Macrocell & Femtocell users' uplink communications but don't consider all the surrounding conditions and particularly neighbouring Femtocells in dense and non-dense deployment scenarios.
Penalty Algorithm for LTE Uplink in Heterogeneous Networks: the Femto UE's P 0 is determined such that two UEs next to each other at the cell border between the macro and Femto cells, but with one attached to Macrocell and the other attached to the Femtocell should have the same transmit power per PRB [24] . This is called the "equal power at cell edge" setting. The issue with this method is that the power and interference level is set high for Edge Femto UEs.
Per-layer power settings based on the maximization of selected KPIs: UL PC settings improve the balance of UE throughput between layers, maximizing some selected KPIs [24] . KPI values need to be calculated for all UEs in the cell area (served by both Macro and Femto cells). The issue with this schema is that it's not flexible to RF surrounding changes. Only fixed parameter values are provided based on the testing approach.
Best chosen P 0 and Alpha values: by simulation the influence of P 0 for a fixed value of α = 0.6 in [25] and α = 0.8 in [26] it is shown that closed loop power control combined with FPC can greatly improve the performance achieved by a purely open loop scheme. In [27] , the authors propose an analytical approach to derive an approximate equation for SNIR that is on the half-distance between cell and UEs. The issue with theses schemas is the high dependence on the path-loss coefficient only and the fixed α value used.
Furthermore, in many cases the parameters of UL power control [20, 21, 24] , such as the maximum allowed UE transmit power or the target received power (user or cell specific), are optimized on the basis of the path loss from the Femtocell base station or Femtocell UE to the Macrocell base station. The Path Loss is estimated by the difference between the transmit power of the UE and the received power at the base station. However, in this path loss based method, only the UL interference of Femtocell UE to Macrocell is considered. Therefore, as the number of neighbouring Femtocells increases, the UL interference of Femtocell UEs is increased. As a result, the UL throughput degrades and UL UE transmit power goes up to compromise the increased interference. UL interference from Femtocell UE to other/neighbouring Femtocells and Femtocell UEs is not yet properly considered in existing Femtocell NW power control algorithms.
According to the above analysis, conventional and baseline fractional PC methods originally designed for heterogeneous networks are no longer suitable. To mitigate UL interference, it is important for Femtocells to control UL transmit power adaptively for the various transmission states of each Femtocell, such as its location in a Macrocell and the traffic load. In our work an UL power control method for LTE Femtocell UEs is proposed to adaptively find out the proper target received power (taking several RF circumstances into consideration) and set the UE transmit power accordingly.
Downlink Power Control
The transmit power of Femtocell consists of pilot power which is responsible for cell and channel selection and traffic power including singling and data power. Large pilot power will result in large cell coverage and small pilot power may lead to insufficient coverage. Moreover, the larger the pilot power the less the power left for traffic, which results in minimizing the throughput of the Femtocell. In addition, large pilot power may introduce high outage probability to neighbouring non-CSG users due to interference [28] .
Different interference mitigation approaches have been proposed in literature to properly control and set the Femtocell transmission power in DL. According to [29] power control techniques are classified based on different criteria such as non-assisted vs. assisted and centralized vs. distributed techniques. The non-assisted techniques set the Femtocell transmission power according to self-measurement reports or predetermined system parameters, whereas the assisted techniques are based on measurement reports from Macrocell UE (MUE) and Femtocell UE (FUE) or the coordination of the Femtocell with a Macrocell or neighbouring Femtocells.
The benefit of the non-assisted techniques is that no extensive signalling is required between Femtocell and Macrocell, FUE or MUE. However, there may be a significant difference between the RF conditions measured by Femtocell and those experienced by MUEs or FUEs. On the other hand, the assisted techniques can only be adopted if the Femtocell can successfully receive measurement reports from FUE and MUE or coordinate with the Macrocell and neighbouring Femtocells. Therefore, the assisted and nonassisted techniques can be applied in different operational scenarios, hence Femtocells should have a hybrid power setting scheme and switch between power setting modes according to the operation scenario.
Furthermore, the centralized power control techniques need a central controller and require extensive control signalling in the network, whereas the distributed techniques can avoid that bottleneck and could improve their reliability by eliminating the central entity failure effect. From a performance point of view, networks with centralized control can achieve better performance than with distributed control. However, with the increased size and density of Femtocell networks and the decentralized nature of Femtocells, it becomes difficult to use centralized algorithms.
In this work, we focus on the decentralized approach and run through several non-assisted and assisted techniques to cover different operational scenarios. Most known methods developed for downlink power control are either Non-assisted Techniques or Assisted Techniques.
Non-assisted techniques
Fixed Femtocell power setting: a preconfigured value is common for all Femtocells regardless of the surrounding RF conditions. The advantages of this scheme are its simplicity and ease of implementation. Disadvantages are the difficulties to adapt to the surrounding RF conditions and the likeliness of causing large interference.
RSRP approach: the largest Reference Signal Received Power (RSRP) corresponding to the nearest Macrocell is used as one of the parameters for tuning downlink power control [30] .
The previous techniques have not adequately accounted for the interference with neighbouring MUEs and the surrounding conditions.
Assisted techniques
Self-Optimization approach based on SINR: a self-optimization of coverage in accordance with the information on the mobility events of passing and indoor users is used [31] .
Adaptation based on DL Reception Power from Macrocell:
this technique is based on downlink co-channel reception power of the reference signal of the strongest Macrocell [32] . The Femtocell measures the reception power at the initial configuration phase or in the operational phase and adaptively sets the transmit power level accordingly: P tx = MEDIAN (Pm + Poffset, P tx upp, P tx low)
Where Pm [dBm] is the reception power of the reference signal from the nearest Macrocell measured at the Femtocell and is dependent on the path loss between the nearest Macrocell and the Femtocell which includes the penetration loss at the building wall. Poffset [dB] is the predetermined fixed power offset compensating for the indoor loss. P tx upp and P tx low [dB] are the upper and the lower limit values of the transmit power. P tx upp is needed to limit the interference from the Femtocell to the Macrocell UE. P tx low is also needed to guarantee a certain minimum performance for the Femtocell even if the surrounding Macrocell cannot be detected. A disadvantage of this schema is that the fixed power offset is not enough to compensate for the indoor path loss. Each building has different properties, such as penetration loss at external walls and P offset should be tuned accordingly.
Adaptation based on DL Reception Power from Macrocell and UL Reception
Power from Macrocell UE: this technique is based on downlink (DL) cochannel reception power of the reference signal of the strongest Macrocell and uplink (UL) reception power from neighbouring MUEs [32] . The Femtocell adaptively measures the DL and UL reception power at self-configuration phase and then optimizes the transmit power during the self-optimization phase. The Femtocell sets the transmit power of the reference signal as follows:
Where P m , P tx upp and P tx low have the same meaning as in (2) . P offseto [dB] is a predetermined power offset value compensating for the indoor path loss excluding the penetration loss. K is an adjustable positive factor and can be determined by the priority of the Femtocell operation. LE [dB] is the penetration loss, which is assumed to be ideally estimated.
Auto-Tuning of DL Power of Femtocells Adaptive to Various Interference
Conditions: the power offset in previously introduced techniques has not been adequately optimized for various interference conditions. The last proposed scheme automatically tunes the power offset so that the Femtocell throughput can increase while maintaining the Macrocell throughput based on Macrocell mobile stations' interference detection reports. Moreover, various interference conditions, such as the size of buildings where Femtocell mobile stations exist and distance to a street where Macro UEs exist are not sufficiently considered. Therefore, [33] introduces different auto-tuning schemes using individual offset where the transmit power is tuned individually per Femtocell, or using common offset where it is tuned commonly among Femtocells in a Macrocell with per-Femtocell or perMacrocell measurement, respectively. This approach uses a stepwise tuning of transmit power based on the Interference Detection Ratio (IDR1) indicator, which is the ratio of the number of interference detection reports to the number of Macro UEs that receive the measurement control message from the serving Macrocell. A major disadvantage of the above techniques is that they do not properly consider the surrounding conditions and neighbouring Femtocells, especially in case of dense deployments (high number of Femtocell UEs and Femtocells located close to each other) and their intra-interference (across Femtocells).
Interference Management and Orchestration between Femtocells
Once another Femtocell is set up nearby, the two signals of the two neighbouring Femtocells may interfere. There are some negotiation algorithms that are usually used to detect the interference, detect the interferer and run actual negotiation. Most of these algorithms follow one of following two approaches:
Centralized approach: assumes the existence of an O&M unit that makes coordinated decisions of resource assignment for the Femtocells that report measurements to the unit. This unit can potentially orchestrate the behaviour of radio cells across an entire network of multi-technology environments.
Since the control centralized, these interactions can be easily coordinated and managed using a variety of resolution techniques.
Decentralized approach: assumes that each Femtocell scans for other Femtocells on the available channels and estimates the pathlosses from those nodes. It is designed for near real-time response in seconds or milliseconds and therefore supports more frequent and localized changes than the centralized approach. Each node can initiate control processes and provide optimization decisions independently or in co-ordination with other nodes. This architecture makes the control functions highly dynamic and enables the network to adapt to local changes more rapidly. The self-organization network (SON) techniques follow the same approaches for deploying small cells, as part of Heterogeneous Networks. Indeed, small cells must have plug-and-play simplicity, and they must be capable of automatically adapting their parameters (i.e., radio, mobility, security, transmit power, etc.) depending on conditions. Therefore, in LTE Release 10 and beyond, SON will continue to be a very important practice.
This can be either done in a centralized way, whereby a SON server optimizes a group of small cells, or it can be done in a distributed way, whereby each small cell optimizes its own parameters, as illustrated in Figure 4 .
In practice, a combination of both is generally used, depending on the parameters, and is referred to as a hybrid cell. However, fully distributed SON will be the preferred approach in the future because it reduces complexity and costs. In our research work, we follow this approach and propose new algorithms based on distributed SON techniques.
To improve the signal strength for subscribed mobile devices without compromising signal quality, the Femtocell may use dynamic power levels, depending on several factors like the distance between cells, path loss and penetration, subscribers' position, etc. In this work, we make use of these parameters and many more to achieve the best dynamic power settings of Femtocells in massive deployments.
Novel Adaptive Power Sitting Frameworks
In the scope of this work, we propose several downlink and uplink frameworks for adaptive power level settings to work efficiently in highly dynamic mobile environments. Comparing with existing solutions, we look to the end-to-end scenarios and their variant RF circumstances and changes. Our special focus is on dense deployments in HetNet and the best power control we can achieve which reduces the impact on environment. In comparison to the work done in the field, our first proposed framework for downlink takes into consideration intra-interference and dense Femtocell deployment situations, whereas the second considers additional measurement reports from the attached Femto UEs for further accuracy. The first proposed downlink framework is simpler and requires less signalling, whereas the second results in enhanced and more fine-tuned power settings. The light signalling overhead is analysed later in Chapter 6 (Evaluation Parameters). Both frameworks can be applied in different operational scenarios based on the Femtocell's ability to collect measurement reports from its UEs, hence the Femtocell should have a hybrid power setting mode and switch between the proposed frameworks according to the operation scenario. We also propose one adaptive power control framework for uplink where several types of uplink interference, affecting parameters, RF changing circumstances and dense/non-dense deployments are considered. It sets the transmit power by considering, for instance, the interference generated to neighbouring cells, the Overload Indication status of neighbouring cells and the incoming interference of neighbouring Femtocell and Macrocells and their users.
Our evaluation has shown the new frameworks to successfully preserve the users' service quality from Macrocells' and Femtocells' interference and converge to an optimal point under highly dynamic TX conditions.
Downlink Distance-Based Framework
This section introduces the first proposed DL adaptive power level setting framework in this paper. It takes into consideration intra-interference and dense Femtocell deployments. Femtocell should adjust the downlink transmit power by taking into account:
• Interference measurement from Macrocell.
• Interference measurement from neighbouring Femtocells.
• Path loss between the Femtocell and an outdoor neighbour MUE including penetration loss in order to provide better interference mitigation for the MUE while maintaining good Femtocell coverage for FUEs.
By measuring the signal strength of the sender, the receiving femtocell can estimate the path loss to the sender. Furthermore, using this path loss and the indicated power applied in each sub-channel, the receiver can estimate the received signal strength from the sender in each sub-channel. This is used for the calculation of the final compromising transmit power P tx. The update procedure of transmit power value is performed periodically, and the time between consecutive updates is randomly chosen from the interval of [1, 2T] time units. This is done in order to avoid that several Femtocells change their power settings at the same time. Between updates, the Femtocell senses the power strengths from its neighbours. These are processed at the next update, in which the Femtocell first re-computes the power level based on existing factors. Afterwards, the Femtocell rearranges its power level so that the most optimal values are used. Figure 5 shows the interference factors between Femtocell and Macrocell, Femtocell and Macrocell MS and neighbouring Femtocells. The Femtocell
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should set the transmit power of reference signal P tx as follows:
Where P m (dBm) is RSRP from the nearest Macrocell measured by the Femtocell, P m is dependent on path loss which includes the penetration loss between the nearest Macrocell and the Femtocell. P m offset (dB) is the power offset. It is defined based on path loss between the Femtocell and the MUE. The path loss may consist of indoor path loss between the Femtocell and its cell edge and the penetration loss. Therefore P m offset should be formulated as (P offseto + K * LE) determined in (3) before. P f (dBm) is the highest RSRP from the neighbouring Femtocells measured by the Femtocell. P f is dependent on path loss which includes the penetration loss to the neighbouring Femtocells. P f offset (dB) is the predetermined fixed power offset compensating for the indoor loss. P tx upp/P tx low (dBm) is the upper/lower limit value for the transmit power of the reference signal. This framework outperforms by taking into account interference measurement from neighbouring Femtocells. This is very crucial in case of dense deployment where hundreds or thousands of Femtocells are located close to each others.
When a power update request is due in Fi, it gathers the information of all neighbouring Femtocells and builds a RSRP matrix M. The dimensions of this matrix M are Di × G, where Di refers to the number of sensed neighbouring Femtocells by Fi and G is the number of sub-channels. Once that the RSRP matrix M is built, Femtocell Fi re-computes its transmit power considering the following procedure, whose target is to find out the maximum (highest) RSRP of the probably closest neighbouring Femtocell.
Where β d,g is a binary variable that is equal to 1 if user d is using sub-channel g, and 0 otherwise. Calculate P m offset (according to Poffseto, K, LE) SET P tx value and the transmit power to use
Proposed

Neighbouring Femtocells
Femtocell Fi is considered neighbour of Femtocell Fj if they are in the range of each other (there is 'visibility'), i.e., the received signal strength R i,j coming from Femtocell Fi is larger than the sensitivity ∅ j of the antenna of Femtocell Fj:
Where k is the sub-channel; i is the index of the transmitting Femtocell Fi; j is the index of the receiving femtocell, Fj; Pi, k is the power applied by Fi in a sub-carrier of sub-channel k; PLi, j represents the path loss attenuation and shadow fading between Fi and Fj ; G stands for the antenna gains and L for the equipment losses.
Downlink Measurement Reports-Based Framework
This section introduces our second proposed framework in this paper which is additionally consider UE measurement reports. The measurement of Macro and neighbouring Femtocells received power alone is not sufficient in some scenarios when Femtocell and FUEs are located in different rooms, floors, etc. with different penetration and path loss conditions. In some cases, the Femtocell may be using a higher power level than required (see Figure 6 ). Therefore, we need to consider measurement reports from the Macrocell, MUE, neighbouring Femtocells and connected FUEs as well. This will enable us to accurately determine the values for the Femtocell power settings. The Femtocell should dynamically adjust the downlink transmit power by taking into account: (a) path loss between the Femtocell and the outdoor neighbour MUE, including penetration loss, in order to provide better interference mitigation for the MUE while maintaining good Femtocell coverage for FUEs. P tx (dBm) = max(P tx low, min(MEDIAN(P m + P m offset, P f + P f offset, P fue + P fue offset), P tx upp)) (6)
Where P m (dBm), P offset m (dB), P f (dBm), P f offset (dB), P tx upp and P tx low (dBm) are explained in (4). P fue (dBm) is the minimum reported RSRP from the Femto UEs. P fue is dependent on path loss that includes the penetration loss between the Femtocell and its FUEs. P fue offset (dBm) denotes a power offset value that captures the indoor Path loss and penetration loss between the Femtocell and its FUEs. Since FUE is attached to the Femtocell, FUEs can periodically report the measurement information to its serving Femtocell, which will result in enhanced and accurate power setting. In this approach, a user UE sends a Measurement Report (MR) to its serving Femtocell Fi every T time units. MR indicates the received signal strength suffered by user UE. Then, Femtocell Fi updates its transmit power according to the received MRs. The adjustment of operational power setting happens after a random time interval between 1 and 2T time units after the last update event. In this way, several Femtocells avoid changing their transmit power at the same time, enhancing the coordination.
When a power update needs to happen in Fi, it gathers the information of all received MRs and calculates all the values required for Equation (6) like P m, P f, P fue, etc. For the calculation of P fue, it builds a RSRP matrix S. The dimensions of this matrix S are Ni × K, where Ni refers to the number of neighbouring users to Femtocell Fi and K is the number of sub-channels. Once that the RSRP matrix S is built, Femtocell Fi re-computes its transmit power considering the following procedure, whose target is to find out the lowest required RSRP of the highest path loss suffered by Femtocell users.
P fue= Min
Where β n,k is a binary variable that is equal to 1 if user n is using sub-channel k, and 0 otherwise. The power setting framework proposed in (6) Calculate the minimum required RSRP of the highest path loss Calculate P f offset Calculate P fue offset SET P tx value and the transmit power to use
Uplink Enriched FPC Based Framework
Under the expected co-channel Femtocell deployment, UL transmissions of Femtocell users may cause interference to the ongoing UL transmissions of users being served by Macrocells or nearby Femtocells of other Macro clusters, and vice versa [21, 22] . The open loop power control formula for UL is standardized, while the setting of its parameters (i.e., P 0 and α) is open and up to network operators. Our intent is to proactively improve the SINR (Quality) for the scheduled users by automatically adjusting those power control parameters. This will improve the resource scheduling experience and reduce the interference and power consumption at both Cell and UE levels.
From the Macro point of view, in order to avoid blinding the Femtocell completely due to Macrocell user uplink power, power control algorithms have been introduced for Macrocell users. They take into consideration the distance of the Macrocell user from Macrocell base station and allocate appropriate uplink power to that user. However, we believe this is not enough and, in the case of Femtocell co-deployment, the following factors must be considered too:
• For FUE, Interference/Distance to Macrocell base station and serving Femtocell.
• Interference/Distance to other surrounding Femto UEs (not belonging to the same Macro cluster).
• Interference/Distance to other surrounding Macro UEs (for the sake of simplicity, we assume receiving this measure from the serving Femtocell).
The FPC (Fractional Power Control) scheme allows a user to be received with variable PSD depending on their path loss; i.e., a user with good radio conditions will be received with high PSD. In contrast to conventional power control, where α = 1, or no compensation at all with α = 0, FPC compensates for the fraction of the path loss. In most existing power setting approaches, both P 0 and α values are fixed broadcasted cell specific towards the UE, meaning that they are same for all the UEs (thus PL is the only key factor).
We propose a dynamic calculation of P 0 and α that allows users to be received with different power spectral densities based on their own RF quality characteristics. Our approach is to set the UL transmit power by considering different factors like the interference generated to neighbouring cells and UEs, as well as the Noise Interference (NI) status of adjacent cells (Traffic Situation), so that we adaptively adjust the transmit power in order to avoid full collapse effects or give the passing MUE some privilege above the Femtocell that is not really loaded.
In this work, we analyse the influence of the compensation factor in related work presented in Equation (1); ignoring Pmax, ΔTF and f, we consider a single RB (M = 1). In this simplified case, transmit power PTx can be written (in dBm):
And the received power PRx at the hosting cell:
P 0 and α are used to control the average received Power Spectral Density (PSD) at Cell level, and thereby the target SINR. P 0 is the compensation factor of target received power at cell level and can be defined as follows (dBm scale):
If UE is identified as Cell Edge UE, then low SNRi should be used; otherwise it should be high. Hence, for a 'cell-edge' UE, using M = M0 RBs, to reach a desired SINR, the associated P0 value can be found by:
Where SNRi is a fixed positive integer based on interference (UE position) and the neighbouring Traffic situation (important in case of Cell Edge UEs), NI is a compensation value for the noise figure and the rise of interference over the thermal noise. If the neighbouring Femtocell can accept high interference, then SNRi for the UE can be set higher, and vice versa. Cell coordination with interference and load information sharing help more suitable SINR target setting. The status of the neighbouring cell is used to adjust the SINR target, which has two advantages, 1) improve performance when neighbouring cell has low overload level; 2) avoids full collapse when the neighbouring cell has a high overload level. We see that increasing α will increase the received power of not only the cell edge UE but also the inter-cell interference. So α should be set in order to maximize cell capacity, minimize inter-cell interference, save power and keep an acceptable level of SINR.
The solution proposed in this study is to configure the OLPC parameter α for the UE in a way that would dynamically reflect the distribution of interference levels within the coverage & surrounding areas (adaptive α) as a function of received power from closest Macro-eNB, surrounding other Femtocells and neighbouring Femto & Macro UE. The more interference measured from the surrounding environment the less α should be and less PL is included in the power calculation. This will enable us to consider edge UE situation and neighbouring cells. In the case of a light-loaded neighbouring cell, α will go higher to prioritize Macro UE. When the measured interference goes to 0 then α goes to 1 and when the interference goes to 8 then α goes to 0:
Where interference [0 − ∞] and calculated based on max measured RSRP received from Macrocell, neighbouring Femtocell, MUE and neighbouring FUE of a different Macro cluster. NI is the Noise Interference indicator of interfering neighbouring cells. In our approach, the identification of Cell Interior and Edge UEs will take into account the path loss to both serving cell and neighbouring cell. For the identification of cell edge UE, we assume that for each UE the serving cell and closest neighbouring cell can be identified via DL received pilot power. Path loss difference ΔP L = P L neighbour -P L serving is more reasonable than P L serving alone to identify cell edge from cell interior UEs.
Cell interior UE with large path loss difference contributes less interference to neighbouring cells, thus a high SINR target can be set for them; while, for cell edge UE with small path loss difference like MUE-2 in Figure 7 , high interference is generated to neighbouring cells and a low SINR target should be set for them. In the algorithm L i denotes the overload of the corresponding Cell. We also considered a threshold PLth which is used to identify the UE type (Cell edge or interior UE).
Proposed
To keep the additional required signalling low and avoid more processing at the UE side, which means higher power consumption and less battery life, we run our proposed UL enhanced FPC at serving cell which will adjust the transmission power of individual UEs.
Evaluation Parameters
LTE-Sim system-level simulator in [35] is used in our study cases. 5 × 5 apartment grid building types, shown in Figure 8 below, are chosen where each building is composed of 25 apartments located over a 5 × 5 grid. Each apartment has a squared form and an area of 100².
Different number of Macro-and Femtocells and their users are chosen according to required density of the simulated scenario. Random mobility model is used with UE speed for about 3 km/h.
Throughput Calculation
Throughput is computed of a given flow as the ratio between the sum of bits correctly received and the simulation time.
Propagation Loss
The Channel Module of the simulator handles packet transmissions and models the propagation loss by means of four different phenomena as suggested in [36] : (i) the path loss, (ii) the penetration loss, (iii) the shadowing, and (iv) the fast fading due to the signal multipath.
For a user located indoors and served by a Macrocell, the path loss calculation also takes into consideration an additional attenuation factor due to the presence of an external wall (default value of the external wall attenuation is 20 dB [37] ).
PL [dB] = 128.1 + 37.6 * log 10 (Distance * 0.001) + external wall attenuation
Moreover, in order to cope with the peculiar features of Femtocells' dense deployments, the path loss model in (12) is also used to evaluate the path loss between neighbouring Femtocells. The Path Loss [dB] from Femtocell to UE developed within the WinnerII project [38] for indoor residential environments is used. It offers a high accuracy at the cost of an increased computational complexity: PL [dB] = A * log 10(R) + B + C * log 10(fc/5) + X
Where R is the distance expressed in meters; the central frequency fc is expressed in gigahertz; the values of other parameters A, B, and C depend on the number of walls and floors between the transmitter and the receiver. X is the sum of the internal and external walls' attenuation.
Green Impact Calculation
In [39] , a new indicator is introduced that enables us to calculate the CO 2 emissions consumed per kWh and highlights the green effect of the saved energy. Based on guidelines on conversion factors for company reporting, produced by the Department of Energy and Climate Change and the Department for Environment, Food and Rural Affairs (DECC & DEFRA), the kWh is converted to kg of carbon saved. For instance, the conversion factor for Italy is 0.46225 kg CO 2 saved for each kWh produced from a carbon-free source. In other words, each kWh of electricity coming from the grid in Italy produces roughly 462.25 g of CO 2 . The factor is based on the carbon emissions generated by Italian power stations per kWh generated. This factor includes other greenhouse gasses such as methane and nitrous oxide, which are converted to their carbon dioxide equivalents so the value is really kg CO 2 eq. per kWh. The CO 2 consumption can be calculated as shown in the following equation:
Alternatively, the energy demands of different base station types are introduced in [40] . This includes the CO 2 emissions consumed per Watt and the yearly operative expenses (OPEX) due to power consumption. According to the latest estimates from the International Energy Agency and using Italy as a reference point, each kWh of electricity coming from the grid produces roughly 386 g of CO 2 emissions. The real CO 2 saving in Renewable Energy Systems (RES) powered HetNet is estimated by subtracting the amount of carbon emissions generated when realizing a PV (photovoltaic) system from the CO 2 emissions due to the grid. In [41] the power need (watt) of a Femtocell is estimated to be 10.4 watt in full load mode and 9.6 watt in idle mode. We have used the indicators introduced in [39] and [40] to explain the green effect of our new Femtocell comprehensive power control frameworks.
Overhead (Signalling) Analysis
In the case of using the Downlink Distance-Based method, the required uplink (UL) and downlink (DL) bandwidth for the distance sensing overhead is 0, whereas in the case of using the Downlink Measurement Reports-Based method, the required UL bandwidth for the measurement reports overhead is equal to M = k * b * u * fr, whereas the required DL bandwidth is 0. In this case, b indicates the number of bits required to encode the received signal strength measured in a given sub-channel, u denotes the number of connected users to the Femtocell, and k indicates the number of sub channels. Finally, fr is the reporting frequency.
Assuming a configuration where the updating and reporting frequency is 1s -1, there are 8 sub-channels, 4 connected UEs and that every transmitted value is encoded using 8 bits, the UL (DL) bandwidth overhead requirement of the measurement reports is 0.256 kbps (0.00 kbps) respectively.
Therefore, it can be concluded that only a small fraction of the whole available bandwidth is needed for signalling overhead M. Note that, contrary to the Femtocell case, in Macrocell scenarios the processing of the measurement reports constitutes a significant overhead, since hundreds of users can be simultaneously connected to the Macrocell. Moreover, the channel conditions of Macrocell users change faster due to their higher mobility and the large number of obstacles existing in the environment. Measurement reports must be sent more often in order to cope with these fluctuations, but this increases the overhead. In this regard, the signalling overhead in case of Femtocell is very light.
Key Parameters
Key simulation parameters for our Femtocell DL power control frameworks are listed in Tables 1 and 2 . 
Performance Evaluation
This section presents performance comparison between the proposed frameworks in this work and other earlier power control models. This performance evaluation has been carried out using the system-level simulator explained in Chapter 6. Regarding the downlink proposed frameworks, two other power control models have been considered to compare with: Fixed power control model and Adaptive one based on interference measurement from the nearest Macrocelland MUE path loss. The simulated UEs (Femto and Macro related) are moving randomly with a speed of 3 km/h. We mainly analyzed the impact on UE throughput (Mbps) and Femtocell power consumption (dBm) in hybrid-dense deployments.
Downlink Distance-Based Framework
Two different usecases are object of the study for non-dense deployment:
• • As a result we can see that the throughput has improved and better power consumption and energy efficiency have been achieved after introducing our new power control paradigm in Femtocell in dense as well in non-dense deployments.
Downlink Measurement Reports-Based Framework
Two usecases are object of the study for non-dense deployment:
• With the introduction of our second new power control framework in Femtocell non-dense and dense deployments, we can see that the throughput has improved, a better power consumption has been achieved and the energy efficiency is higher. In comparison to our first proposed framework, where the measurement reports of attached Femtocell UEs are not considered, this Framework requires some additional signalling, as explained in Chapter 6, but provides more accurate results and higher power saving gain.
Uplink Enriched FPC Based Framework
For the sake of comparing the performance of our proposed framework for uplink power control versus recent related work, the following existing models have been considered: A and B) , a light deployment is simulated. The measured quality of Femto UE SINR [dB] is acceptable and better than some other techniques. The setting of the SINR target is improved due to the way we identify Cell Interior and Edge UEs by taking into account the path loss to both serving and interfering cells, comparing to the other analyzed approaches based on PL to serving cell only. Figure 18 shows the measured PUSCH per Femto UEs. In Macrocell Cluster 1 (A, B, C and D) and dense deployments, we can see a clear power saving for Edge and Interior UEs. In Macrocell Cluster 2 (A and B) where a non-dense environment is simulated, we can see Common OLPC is slightly better in terms of power consumed at the cell edge. However, our proposed algorithm is better in most of the simulated usecases. Figure 19 shows the measured uplink SIRN per Macro UEs. In cluster 1, the measured quality of Macro UE SINR [dB] is better than other techniques. Whereas in cluster 2 (non-dense deployment), it is equal to other techniques. Figure 20 shows the measured PUSCH per Macro UEs. In cluster 1 (dense deployment), some power saving is achieved for Edge UEs without losing quality. In this scenario up to 4 dB and 18% improvement between our proposed algorithm and the second best algorithm is achieved here. In the case of Interior UEs, some other algorithms have a slight jump. In cluster 2 (non-dense deployment), a clear power saving is achieved for both Edge and Interior UEs. Up to 20 dB saving and 90% improvement between our proposed algorithm and the second best algorithm has been measured.
All in all, the uplink transmission can work using standard UL power control methods. We showed it is possible to achieve gains from introducing Femtocells. However, achieving the gains requires very careful setting of UL PC parameters, where UEs connected to Femtocells transmit with lower power than Macro UEs. Figure 19 Macro UE SINR. Figure 21 (left side) shows traditional fractional power control (0 < α < 1) where we plotted the result for different values of α. SINR value is set to 15 dB and the number of PUSCH RB is 1. The noise per RB considered is −120.447 dBm. Figure 21 (right-side) shows the measured received PSD based on our proposed FPC, where densities of Femto & Macro UEs are also considered (26 and 60). The PSD received varies depending on path loss and produces better curves.
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Conventional vs. proposed fractional power control
In our proposed enhanced FPC, for lower path loss the user will transmit less power in comparison to existing conventional FPC power control methods. In the case of Cell Edge UEs, the target SNIR is set higher where the load situation of neighbouring Cells allows. 
Green impact & CO 2 emission
Based on statistics reported in [41] for Base station power consumption (energy demand) at maximum load of a LTE system with 2×2 MIMO and the associated amount of CO 2 estimated per year for one Femtocell in Italy reported in [40] , the results of applying our power control proposed 
Conclusion
Femtocell technology is identified as a clear main 5G technology enabler. The gigantic growth in mobile data traffic and its associated energy consumption are having a significant impact on global warming and greenhouse gas emissions. In this research work, we have presented some novel and comprehensive frameworks for Femtocell power control in dense and nondense deployments to compensate for these effects and help in developing future-proof green networking solutions. Our objective is to make future Heterogeneous Networks energy-efficient and low CO 2 emission consumers by developing more energy-aware radio access network technologies. Due to the ad-hoc nature and rapid proliferation of Femtocell networks and the presence of unpredictable environmental changes, our focus is more on distributed and self-organizing power control operations of Femtocells. A few approaches to mitigate interference and improve capacity in Femtocell Grids are discussed. We have introduced two power control frameworks on Downlink which can greatly improve energy efficiency, coverage and quality of service. The first framework is based on distance and can mitigate the intra-interference across neighboring Femtocells in dense deployments, whereas the second one considers measurement reports from the attached UEs, Femto to Femto interference and the path loss of indoor Femto users. The second framework requires some additional signalling, but provides more accurate results and higher power saving. Both frameworks can be applied in different operational scenarios based on the Femtocell's ability to collect measurement reports from its UEs, hence the Femtocell should have a hybrid power setting mode and switch between the proposed frameworks as per need. We have also proposed one fractional power control framework for uplink where several types of interference, affecting parameters like Overload Indication status of neighbouring cells and RF changing circumstances are considered. We used a system-level simulator for evaluating the impact of co-layer interference in indoor environment and the performance and power-saving gains achieved. The results show that our proposed frameworks can regulate Femtocell and UE power well and significantly reduce energy consumption, without degrading performance, by taking into account interference among Femtocells and many other surrounding RF circumstances. They demonstrated up to 44% power reduction and 68.46% higher UE throughput on downlink and up to 18% power reduction with 25% improved UE SINR on uplink in Femtocell dense deployments. This is a CO 2 emission saving of up to 20.69 kg/year on downlink and 8.46 kg/year on uplink for one Femtocell base station fed by a classical grid-powered solution. A comparison with the best-known power control modules is also covered in this study. 
